Purpose: Simultaneous magnetic resonance (MR) imaging of multiple small animals in a single session increases throughput of preclinical imaging experiments. Such imaging using a 3-tesla clinical scanner with multi-array coil requires correction of intensity variation caused by the inhomogeneous sensitivity proˆle of the coil. We explored a method for correcting intensity that we customized for multi-animal MR imaging, especially abdominal imaging.
Introduction
Magnetic resonance (MR) imaging is becoming more common in preclinical studies. Investigations using small animal models require e‹cient imaging, and the simultaneous imaging of multiple animals in a single session can increase throughput. [1] [2] [3] [4] [5] Weˆrst used a 3-tesla clinical MR scanner and highly sensitive dedicated 16-channel multiarray coil to image 4 rats simultaneously, 6 and using this method to image 8 tumor-bearing mice, we reduced total scan time to approximately 66z that of imaging of 8 mice individually. 7 Because MR signal intensity decreases as the distance between the coil and object of examination increases, objects look brighter near the coil and darker farther from the coil. Therefore, MR imaging using multi-array coils requires an intensity correction method that permits evaluation of the native signal of objects, including animal organs.
Various methods have been proposed to correct variation in signal intensity in MR images obtained with surface or multi-array coils. [8] [9] [10] [11] [12] [13] [14] [15] Belaroussi and coworkers classiˆed prospective and retrospective methods. 8 The prospective method determines spatial distribution of coil sensitivity utilizing a diŠerent image data set from the original image data set that requires correction. [8] [9] [10] [11] Phantom images acquired with the same coil as used for images of the original object, such as brain, or images of that object acquired with a diŠerent coil can be used. Coil sensitivity maps acquired with the diŠerent images data set are then used to remove variation in signal intensity caused by inhomogeneity in the spatial distribution of coil sensitivity of the original images.
The retrospective method uses the original image dataset to be corrected to calculate inhomogeneity in the spatial distribution of coil sensitivity. This method extracts coil sensitivity proˆles from the original images with curveˆtting,ˆltering, or statistical assessment procedures, assuming that the coil sensitivity proˆles vary slowly and smoothly in space. [12] [13] [14] [15] Most of the proposed methods corrected nonuniform signal intensity in images of the human brain, but we believe no such method has been developed for abdominal MR imaging of multiple animals.
Signal distribution in the abdomens of small animals is complex because parenchymal organs, such as the liver and kidney, contents in the lumen of the gastrointestinal tract, muscles, subcutaneous tissues, and spine display signals of various strengths and shapes in a small area. In addition, signals of the abdomens are separated by areas of background noise in multi-animal MR imaging, having multiple borders between signal and noise on the outer surface of the body. Thus, methods of correcting nonuniform intensity in simpler structures, such as the human brain, cannot necessarily be applied. Lack of experience in correcting nonuniform intensity is a current problem in multianimal abdominal imaging.
In our previous paper, we used Brey's prospective method 9 to correct nonuniform signal intensity in images of subcutaneous tumors in mice. 7 Brey's method determines the spatial distribution of coil sensitivity using an image dataset of the same object acquired with a body coil, assuming that body coils provide homogeneous images. We trusted the reliability of this method because of its wide use in clinical practice for human abdominal imaging at 1.5T. For small animal abdominal imaging, a body coil also provides homogeneous images, even at 3T, because the problem of B 1 inhomogeneity is negligible for such objects much smaller than the radiofrequency (RF) wavelength. Nevertheless, our use of Brey's method to correct nonuniform intensity of multiple mouse bodies considerably lengthened scan time because a large number of excitations (NEX) were needed to compensate for the in-su‹cient sensitivity of the large body coil on the clinical scanner to obtain images of small animals. This requirement of long additional scans to correct nonuniform signal intensity is a second issue in multi-animal abdominal imaging.
In this study, we sought a method to correct variation in signal intensity in multi-animal abdominal imaging that minimized additional scan time.
One possible solution is to perform correction using homogeneous phantom images acquired with the same coil in another image session, but this method does not take into account the diŠerence in coil loading between phantoms and animals. It is also practically impossible to duplicate exact slice position between animal and phantom scans. The conˆguration of multi-array coils varies by the size and shape of the object to be imaged, so the spatial distribution of coil sensitivity can diŠer between phantom and animal scans. These factors can cause errors in correcting nonuniform signal intensity. 9, 11, 12 Another possible solution is to use retrospective methods that require no additional scans, such as Murakami's method. 12 Murakami and coworkers made a sensitivity map using only the dataset of multi-array coil MR imaging. From those images to be corrected (for example, T 1 -, T 2 -, and T 2 *weighted images), they made binary images on which the area of an object had pixels of equal value and the area of the background had a pixel value near 0 (average signal intensity of the pixels outside the object). They then performed low-pass ltering on multi-array coil images and binary images, and divided the low-passˆltered multi-array coil images by the low-passˆltered binary images to make sensitivity maps of the array coil. Murakami's technique requires no additional acquisition, but tissue contrast can diŠer between corrected and volume coil images because the sensitivity map re‰ects the contrast displayed on the original multi-array coil images as well as the coil sensitivity proˆle.
We hypothesized that we could produce sensitivity maps that represent only the coil sensitivity proˆle using images with low tissue contrast, such as proton density-weighted images (PDWIs), with Murakami's technique. However, typical scan protocols for abdominal imaging do not include pulse sequences for PDWIs because PDWIs with low tissue contrast are not useful for diagnosing abdominal disorders, so an additional scan is required with PDWIs. Nevertheless, we can minimize additional scan time by reducing phase-encoding steps because even low spatial resolution PDWIs are su‹cient to obtain a coil sensitivity map.
Therefore, we explored a method for correcting signal intensity that we customized for multianimal abdominal MR imaging by modifying Murakami's technique.
Algorithm for correcting signal intensity ( Fig. 1) Using proton density-weighted images obtained with a multi-array coil ( Fig. 1a ), we made binary images, setting an appropriate threshold to extract the areas of objects and giving the areas appropriate and equal pixel values, and background a pixel value of zero. To simplify computation, we assigned the object area an average pixel value above the threshold with a background pixel value of one. We then used the binary images as reference images ( Fig. 1b ).
We applied a low-passˆlter to PDWIs to reduce background noise and remove tissue contrast and applied the same low-passˆlter to reference images. We used a Butterworthˆlter with the order set at 2 (arbitrary unit) and cut-oŠ frequency at 0.01 cycles/pixel to suppress tissue contrast and extract the coil sensitivity proˆle (Fig. 2 ). We chose these values based on our preliminary phantom and rat studies to ensure that the sensitivity map correctly displayed multi-array coil sensitivity and that low-passˆltered images did not suŠer from ringing and edge-enhancement artifacts. An order above 4 caused severe ringing artifacts in the central part of a homogeneous phantom (9-cm spherical phantom containing 1z agarose and 0.4z gadoteridol dissolved with saline); however, these artifacts were negligible at an order ranging from 2 to 20 in the rat abdomen. The cut-oŠ frequency of Ã0.01 cycles/ pixel successfully removes tissue contrast from PDWIs of the rat abdomen; below 0.008 cycles/ pixel, the edge of the object becomes blurred so that the coil sensitivity proˆle cannot exactly display the region of the rat abdomen.
We divided low-passˆltered PDWIs (PDWI LPF in Fig. 1 ) by low-passˆltered reference images (reference image LPF ) on a pixel-by-pixel basis to obtain sensitivity maps of a multi-array coil (Fig. 1c ).
Finally, we divided the original image, which was one of the original T 1 -, T 2 -, and T 2 * -weighted images ( Fig. 1d ), by the sensitivity map in the same location to yield the corrected image (Fig. 1e ).
The diŠerence between Murakami's algorithm 12 and ours was that we acquired additional PDWIs to produce sensitivity maps and customizedˆltering parameters for multi-animal abdominal imaging. Liney and coworkers reported the utility of PDWIs for properly extracting the coil sensitivity proˆle in endorectal MR imaging of the human prostate using a surface coil. 11 
Materials and Methods

MR scanner and radiofrequency coil
We acquired all MR images using a 3T clinical scanner (Signa HDx; GE Healthcare, Milwaukee, WI, USA) employed exclusively for research. A body coil was used for RF transmission. For signal reception, we used a dedicated 16-channel coil consisting of two 4×2 arrays comprising 8 circular coils (50 mm in diameter). 6, 7 We vertically arranged the two 8-coil arrays (length 25 cm; width 20 cm) opposite each other in an acrylic holder approximately 9 cm apart; the distance between the coil sets can vary depending on the sizes of animals. A receive-only 50-mm solenoid volume coil was used for comparison.
Animal experiments
Our institutional animal experimentation committee approved the protocol. Two groups of 4 Wistar rats (total 8 rats, aged 8 to 14 weeks, 180 to 320 g; Japan SLC, Inc., Hamamatsu, Japan) were individually subjected to MR imaging examinations. Rats were anesthetized using a gas mixture of iso‰urane (1 to 2z), oxygen, and nitrous oxide, placed in prone position on acrylic animal beds, and inserted into the coil. Two rats were placed on the upper coils and two on the lower coils. Scopolamine butylbromide (0.2 mg, Buscopan; Nippon Boehringer Ingelheim Co., Ltd., Tokyo, Japan) was administered intramuscularly to suppress bowel peristalsis. Axial images of the upper abdomen were obtained using T 1 -weighted spin-echo (T 1 SE; repetition time [TR]/echo time [TE], 600/10 ms), T 2 -weighted fast-SE (T 2 FSE; TR/TE, 4000/58 ms), and T 2 * -weighted gradient echo (T 2 * GRE; TR/TE, 450/11 ms; ‰ip angle, 309 ) sequences. Other parameters wereˆeld of view (FOV), 10 to 11 cm; matrix, 256×160 (zero-interpolation [ZIP] to 512); slice thickness, 2 mm; slice gap, 0.4 mm; and NEX, 4. The acquisition times were 6 min 28 s for T 1 SE, 4 min 56 s for T 2 FSE, and 4 min 45 s for T 2 *GRE. In addition, 2 sets of proton density-weighted axial FSE images (TR/TE, 4000/5.8 to 20 ms; 128×128 matrix [ZIP to 512]) were acquired with the 16channel coil and body coil. NEX was set at one in the 16-channel coil acquisition and four in the body coil acquisition. The acquisition times were one minute 12 s using the 16-channel coil and 4 min 24 s using the body coil. For comparison, axial T 1 -, T 2 -, and T 2 * -weighted images of the upper abdomen of the same rats were also obtained using the volume coil. We scanned these rats separately using the same scan parameters as described above, but with FOV of 5 cm.
Post processing
After MR imaging, we transferred MR image data obtained in the Digital Imaging and Communication in Medicine (DICOM) format to a Windows-based personal computer. We corrected intensity using software created in house and written in C＋＋ (C＋＋ Builder 2009; Embarcadero Technologies Inc., Tokyo, Japan). We drew 3 diŠerent sensitivity maps, one each using our method, Murakami's method, and Brey's method. In Murakami's method, we drew the sensitivity map starting with one of the T 1 -, T 2 -, and T 2 *weighted images to be corrected, instead of PDWIs. Binary (reference) images were made from the uncorrected T 1 -, T 2 -, or T 2 *-weighted images, and the same low-passˆlter (Butterworthˆlter; order, 2; cut-oŠ frequency, 0.01 cycles/pixel) was applied to both these uncorrected images and reference images. Then we divided a low-passˆltered version by the corresponding low-passˆltered reference images to acquire multi-array coil sensitivity maps. In Brey's method, we used PDWIs obtained with a body coil instead of the binary version of multi-coil PDWIs as reference images. Using the same low-passˆltering mentioned, we divided multi-coil PDWIs by body-coil PDWIs (reference images) to make the sensitivity map.
Image analysis
We used ImageJ software (version 1.44, http:// rsbweb.nih.gov/ij/) to place regions of interest (ROIs) in the posterolateral part of the liver, paravertebral muscle, and spinal canal on intensitycorrected multi-coil images. We measured average pixel values within each ROI and calculated signal ratios of liver to muscle (LM ratios) and spinal canal to muscle (SM ratios) to evaluate tissue contrast. We also evaluated LM and SM ratios on images obtained with the volume coil.
Statistical analysis
We compared LM and SM ratios on multi-coil images corrected with our method, Murakami's method, or Brey's method and those on volume coil images using Dunnett's test and commercially available software (SPSS version 19.0; IBM Japan Inc., Tokyo, Japan). Pº0.05 was judged signiˆcant.
Comparison between our intensity correction method and manufacturer-supplied intensity correction software
We corrected MR images of 4 rats using manufacturer-supplied surface coil intensity correction software (SCIC; GE Healthcare) and visually compared the e‹cacy of this correction method with our method.
Results
One rat died during the MR imaging experiment, possibly from respiratory suppression induced by anesthesia, so we analyzed data from only 7 rats. Figure 3 shows examples of uncorrected T 2 -and T 2 * -weighted multi-coil images of 4 rat abdomens (Fig. 3a, d) , images corrected with our method (Fig. 3b, e ), and volume coil images (Fig. 3c, f) . Our method performed well for all pulse sequences studied and corrected intensity variations on original multi-coil images. Figure 4 shows examples of multi-coil T 1 -weighted images corrected with our method (Fig. 4a ), Murakami's method (Fig. 4b) , and Brey's method (Fig. 4c ) and a volume coil T 1 -weighed image (Fig.  4d ). Relative tissue contrasts on multi-coil images corrected with our method and Brey's were equivalent to those on volume coil images ( Fig. 5) .
LM ratios were 1.38±0.09 for multi-coil T 1 SE images corrected using our method, 1.17±0.09 using Murakami's method, 1.44±0.26 using Brey's method, and 1.41±0.13 using control volume coil T 1 SE images. The LM ratio was signiˆcantly lower for multi-coil T 1 SE images corrected with Murakami's method than for volume coil T 1 -weighted images (Fig. 5a ). On T 2 FSE images, LM ratios were 0.83±0.11 using our method, 0.95±0.06 using Murakami's method, 0.86±0.17 using Brey's method, 0.83±0.08 using control volume coil T 2 FSE images. On T 2 * GRE images, LM ratios were 1.01±0.08 using our method, 0.93±0.09 using Murakami's method, 1.04±0.17 using Brey's method, and 1.00±0.04 using control volume coil T 2 *GRE images.
SM ratios were 1.36±0.06 for multi-coil T 1 SE images corrected with our method, 1.34±0.12 using Murakami's method, 1.35±0.08 using Brey's method, and 1.30±0.06 using control volume coil T 1 SE images. On T 2 FSE images, SM ratios were 2.15±0.10 using our method, 2.01±0.11 using Murakami's method, 2.10±0.13 using Brey's method, and 2.13±0.13 using control volume coil T 2 FSE images. On T 2 *GRE images, SM ratios were 1.17±0.06 using our method, 1.26±0.11 using Murakami's method, 1.17±0.08 using Brey's method, and 1.10±0.06 using control volume coil T 2 * GRE images. The SM ratio on multi-coil T 2 * GRE images corrected with Murakami's method was signiˆcantly higher than that on volume coil T 2 * GRE images (Fig. 5b) .
Our method and Brey's required additional PDWI scans, which elongated total scan time. The extra scan time was one minute 12 s for our method and 5 min 36 s for Brey's. Murakami's method re- quired no additional scan. Figure 6 shows T 2 *-weighted MR images of rat abdomens corrected with our method (Fig. 6a ) and SCIC (Fig. 6b ). In Fig. 6b , the brighter appearance of back muscles of the upper 2 rats as well as the ventral part of the liver of the lower 2 rats indicates that regions near the coil surface still had higher pixel values than expected. This was similar on T 1and T 2 -weighted images.
Discussion
We proposed a method for correcting signal intensity that we customized for multi-animal abdominal MR imaging with a 3T clinical scanner and dedicated 16-channel multi-array coil. A multi-array coil sensitivity map was developed with one minute and 12 s additional PDWI acquisition. This method also produced multi-coil images with equivalent contrast to volume coil images.
The additional acquisition for PDWIs did not likely aŠect the e‹ciency of experiments because it extended total acquisition time by only 7z (16 min 9 s for T 1 -, T 2 -, and T 2 * -weighted sequences). On the other hand, the additional 5 min and 36 s for acquisition of PDWI using Brey's method probably did aŠect e‹ciency, extending total acquisition time by 35z. The increased number of acquisitions to compensate for the low sensitivity of body coils was inevitable, so we think signal reception using these coils is not optimum for MR imaging of multiple small animals on clinical scanners.
Our results indicate that proper correction of multi-coil images of multiple animals using a coil sensitivity map made from low-passˆltered PDWIs allows to display similar tissue contrast between the multi-coil images and volume coil images. This is probably because such coil sensitivity maps repres-ent only coil sensitivity proˆles and remove tissue contrast. We think the application of an optimized low-passˆlter eŠectively removed low tissue contrast displayed on original PDWIs.
In Murakami's method, on the other hand, the coil sensitivity map derived from T 1 -, T 2 -or T 2 *weighted images could not always eliminate tissue contrast, even if low-passˆltering was applied. For example, low-passˆltering could not completely eliminate T 1 tissue contrast between the liver and muscle. On the corresponding coil sensitivity map, partial shift of the coil sensitivity proˆle further upward than expected re‰ected the T 1 -weighted high signal of the liver. As a result, the LM ratio was decreased on corrected T 1 -weighted images compared to volume coil images.
Because we compared the e‹cacy of intensity correction only among our proposed method, Brey's method, and Murakami's method, we could not determine which method is optimal for abdominal MR imaging of multiple animals; however, comparison of the e‹cacy of intensity correction between our proposed method and many other recently proposed methods 10, [13] [14] [15] is beyond the scope of this study. Some of these methods could successfully correct variation in signal intensity in abdominal MR images of multiple animals, but further studies are needed to clarify this.
Manufacturers usually supply intensity correction software for imaging using a surface coil or phased-array coil. As our study shows, such surface coil intensity correction (SCIC) software does not seem to perform well for multi-animal abdominal imaging. Another intensity correction software, phased-array uniformity enhancement (PURE; GE Healthcare, Milwaukee, WI, USA), is not available for 3T scanners, possibly because B 1 inhomogeneity prevents acquisition of suitable body coil images. We therefore developed our own method to correct intensity variation.
There is growing interest in using clinical scanners for MR imaging of small animals, and their utility is reported for preclinical studies because results can be easily translated to clinical practice using the same pulse sequences as used clinically. 3, [5] [6] [7] 16 Custom-made coils dedicated to small animals further enhance the usefulness of clinical scanners by providing images with higher signal-tonoise ratio (SNR) than manufacturer-supplied clinical coils, but the use of custom-made coils, including surface and multi-array coils, requires researchers to develop their own methods for intensity correction. Our proposed method may be an immediate and eŠective aid for development of such intensity correction methods.
We will apply our method to future study using a rat hepatoma model to develop a new treatment strategy for liver cancer. We have begun simultaneous MR examinations of 4 rats with liver tumors using the same scanner and coil used in this study. The procedure takes approximately 50 min from anesthesia induction to the end of MR scans of 5 diŠerent pulse sequences, which is 3 to 4 times faster than the time required for 4 separate single MR imaging sessions. We believe this new study will conˆrm the versatility of our method for removing intensity variation in MR images to facilitate correct interpretation of imagingˆndings of the liver and liver tumors.
Conclusion
We explored a signal intensity correction method customized for multi-animal abdominal MR imaging using a 3T clinical scanner and dedicated multiarray coil that could facilitate correct interpretation of abdominal MR images of multiple small animals.
